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The Indian Ocean Dipole (IOD) is a basin-scale mode of sea surface temperature (SST) and wind anomalies occurring on interannual timescales in the equatorial Indian Ocean [1, 2] . Previous studies have proved that the dipole mode exerts a major impact on seasonal climatic conditions in nations around the Indian Ocean [3, 4] , and also on the atmospheric circulation and climate in other far regions, like East Asia [5, 6] , Europe, and North and South America [3] . A controversial issue concerning the dependence/independence of IOD and the El Niño/Southern Oscillation (ENSO) phenomena has recently been raised [7] . The correlation coefficient (r = 0.35) between monthly IOD index and Niño3 SST anomaly (SSTA) time series is insignificant [1, 2] . Some extremely strong positive IOD events occur without an El Niño event, like 1961, 1967, and 1994 [8] . These results indicate that the IOD mode may not be related with the ENSO events, but forced by the internal dynamics confined in the Indian Ocean itself [9, 10] . In contrast, there are also some positive IODs coinciding with major El Niño events, which appear in 1963, 1972, 1982, and 1997 . A significant correlation coefficient of 0.56 is found between the boreal autumn (September-November) IOD and Niño3-SSTA indices, while in other seasons it is insignificant [7, 11] . Therefore, IOD is suggested to be a part of ENSO evolution, being excited through the oceanic Rossby waves from the east [12] , the Indonesian Throughflow [13, 14] , or the Walker circulation across the tropical Indo-Pacific Ocean [15 17] . The controversy has now come to an end that IOD is influenced by ENSO event in some years, but ENSO is not the only one triggering mechanism [18] . Existing researches have mainly talked about the IOD-ENSO relationship on the seasonal or interannual timescale. As will be discussed in our analyses, is it possible that their relationship actually changes with time, or in other words, it has a decadal variability?
Data and methodology
Atmospheric variables used in this study are derived from the National Centers for Environmental Prediction/ National Centre for Atmospheric Research (NCEP/ NCAR) reanalysis, including monthly three-dimensional winds on twelve standard pressure levels, with a horizontal resolution of 2.5° latitude-longitude squares and a 56-year (1948 2003) period [19] . SST data mainly come from the monthly Hadley Center sea ice and SST dataset (HadISST), with 1 o latitude/longitude resolution and a 134-year period of 1870 2003 [20] . To testify the decadal variability of the IOD-ENSO relationship, we also examine two other over 100-year SST datasets: the extended reconstruction of global SST (ERSST) produced on Comprehensive Ocean-Atmosphere Data Set (COADS) from 1854 to 2005 [21] , and the Kaplan SST data of 1856 2005 [22] . Interannual anomalies are obtained by deviations from the climatological cycle based on the individual timescale of each dataset. The long-term linear trend of SSTA is removed at each grid point. IOD index is defined as SSTA difference between the western (50°E 70°E, 10°S 10°N) and southeastern (90°E 110°E, 10°S-equator) Indian Ocean [1] . Positive IOD means warm (cool) in the west (east), and the opposite pattern is negative IOD. Niño3 index, defined as SSTA area-averaged over 150°W 90°W, 5°S 5°N, is used to represent ENSO signal in the tropical Pacific. Based on the one standard deviation of the root mean square of normalized IOD and Niño3 indices (Figure 1 ), the active period of IOD is from July to November (JASON), and for Niño3 it is from October to the next January (ONDJ). Because of the tight phase-locking characteristic, we calculate the seasonal stratified IOD (JASON) and Niño3 (ONDJ) indices.
In this study, we utilize the method proposed by Ashok et al. [10] [23] .
Decadal variability of the IOD-ENSO relationship
Using HadISST, the 11-year running correlation between the seasonal mean IOD (JASON) and Niño3 (ONDJ) indices shows a clear decadal variability ( scale averaged time series of the monthly Niño3 and IOD indices using the Morlet wavelet [24] . In contrast with the strongest power of the Niño3 spectrum in 1950s, early 1970s, and 1980s 1990s (Figure 3(a) ), the peak power in the IOD spectrum occurs during the 1960s and 1990s (Figure 3(c) ). The 1 8-year time series confirm the variation of the index intensity, which also agrees well with Saji and Yamagata [8] . In a further step, we remove the IOD (ENSO) signal from the original Niño3 (IOD) index, and then apply the Morlet wavelet again. As shown in Figure 3 (b), little change occurs in the spectrum or time series of the Niño3 index before 1970. But after 1970, the leading period of the Niño3 index changes from 1.5 6 years to 3 6 years, and the intensity of the time series is also reduced, especially during the 1990s. For the IOD index with ENSO signal removed, there are few differences before 1970, but significant decrease of intensity after 1970 (Figure 3(d) ). are very few co-occurrences of El Niño (La Niña) and positive (negative) IOD in the earlier period (Table 1) . But after 1970, almost all El Niño events happen with a positive IOD and almost every positive IOD event occurs in an El Niño year. The same can be said for La Niña and negative IOD ( Table 2) . The years in bold indicate the co-occurrences of El Niño (La Niña) and positive (negative) IOD. Figure 5 gives the IOD index composite in positive IOD years, Niño3 index composite in El Niño years, and also the same IOD (Niño3) index with ENSO (IOD) signal being removed. During 1948-1969, the IOD index shows few differences before and after ENSO signal is removed. But during 1970 2003, the entire life span of the IOD index is significantly reduced when ENSO signal is removed, indicating that ENSO has a great impact on the development of IOD events during recent decades ( Figure 5(a) ). Similarly, if IOD signal is removed from the Niño3 index, there is also little change of the Niño3 index before 1970. But after 1970, the index is largely suppressed during its developing phase ( Figure 5(b) ). The reduced value of about 0.5 is even larger than that of the IOD index (about 0.2 decrease). Some important conclusions can be inferred from Figure 5 : (1) IOD is not just a slave of ENSO, but can actively influence ENSO intensity, especially after 1970; (2) ENSO affects the whole life span of IOD, but IOD mainly influences the developing phase of ENSO; (3) IOD has almost the same strength before and after 1970, but ENSO shows a larger intensity after 1970, which also confirms a recent finding by Annamalai et al. [25] that the decadal increase of El Niño events may be caused by the interference of more positive IOD events in the latest decades.
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In agreement with the running correlation between IOD and Niño3 index (Figure 2) , the above analyses reaffirm the decadal variability of the IOD-ENSO relationship: before 1970, IOD and ENSO events are more independent of each other, but after 1970, they are more interactive. Then, what is the reason for the decadal variability of their relationship?
Possible dynamics
When a positive IOD and a warm ENSO event occur simultaneously, positive SSTA dominates the tropical western Indian Ocean and eastern Pacific, while negative anomalies extend from the equatorial eastern Indian Ocean to the western Pacific, which forms a " " tropical Pacific-Indian Ocean SSTA mode [26] . However, such a pattern tends to miss its western part in the tropical Indian Ocean (i.e. pure ENSO event) or its eastern part in the tropical Pacific (i.e. pure IOD event) before 1970, but becomes evident after 1970. As SST variation in the western Indian Ocean is closely related with that in the equatorial eastern As shown in Figure 6 (a), most of the tropical Indian Ocean, Maritime Continent, western Pacific around the Philippines, and the southeastern Pacific exhibit a warming SST trend after 1970. In the low-level wind field, a significant difference is a cyclone (denoted by "C") identified around the Maritime Continent south of the Indo-China Peninsular (Figure 6(b) ), which rightly overlies the extremely warmer water (Figure 6(a) ).
Climatologically, the warm pool region has the strongest upward motion with most intense convection in the tropical ocean, while subsidence dominates the relatively cold regions of the tropical western Indian Ocean and eastern Pacific. This forms two Walker circulations over the tropical Indo-Pacific Ocean and is well-known as "atmospheric bridge" [15] . In the difference diagrams of 850-hPa and 200-hPa potential velocity, low-level convergence and upper-level divergence are enhanced above the Maritime Continent and the tropical eastern Pacific after 1970, while low-level divergence and upper-level convergence are intensified over the western Indian Ocean and central Pacific (Figures not shown) . These results imply increased Walker circulations with a stronger ascending motion over the Maritime Continent in 1970 2003 than in 1948 1969, consistent with the warmer SST (Figure 6(a) ) and an anomalous low-level cyclone (Figure 6(b) ) there. The difference of the equatorial vertical winds between the later and the earlier period further confirms our results: negative values are observed to the west of the 120 o E longitude, indicating an enhanced upward motion there (Figure 6(c)) . Therefore, warmer SST over the Maritime Continent gives rise to an anomalous low-level cyclone with increased convection and enhanced rising motion there after 1970. Associated with the intensified low-level convergence, the connection of the sea water between the eastern Indian Ocean and the western Pacific should be strengthened, so is the interaction between the IOD and ENSO events during recent decades.
Summary and discussion
The present paper reveals the decadal variability of the IOD-ENSO relationship and further investigates possible reasons for it.
Using three different SST datasets, it is found that the IOD-ENSO relationship changes with time: insignificant correlation during 1940 1969, but significant correlation during 1970 2003. In the earlier period with few co-occurrences of positive (negative) IOD and warm (cold) ENSO event, little change occurs in the strength of the IOD mode when ENSO signal is removed, and the same can be said for ENSO events when IOD signal is subtracted. But after 1970, most El Niño events co-occur with positive IOD events, and almost every positive IOD happens in an El Niño year. During these co-occurrences, ENSO affects the whole life span of IOD, and IOD also influences the developing phase of ENSO.
Considering Indian Ocean, while easterly anomalies dominate the equatorial western Pacific (Figure 6(b) ). Therefore, the connection between the two tropical oceans may be increased through the Indonesian Throughflow [13, 14] or some other thermodynamic processes. As illustrated in Figure 5 (b), IOD is not just a slave of ENSO, but can actively influence ENSO intensity during 1970 2003. Moreover, the increased strength of the ENSO event after 1970 may also be caused by the interference of more positive IOD events [25] . Questions are: through what physical processes would IOD influence the developing phase of ENSO, and what about the significance of the IOD effects? Our further studies have suggested that the impacts IOD on ENSO may be realized based on the "atmospheric bridge" theory [15] .
Through changing the upward motion above the Maritime Continent and the low-level zonal winds over the western-central Pacific, IOD could increase the intensity of ENSO with its impacts at least above the 85% confidence level. Nevertheless, more statistical analyses or numerical simulations are still required to testify our results and further investigate other dynamic or thermodynamic mechanisms.
